Hallucinations, and auditory hallucinations (AH) in particular, constitute the most typical and disabling schizophrenia symptoms. Although visual hallucinations (VH) have been largely neglected in psychiatric disorders, a recent review reported a 27% mean prevalence of VH in schizophrenia patients. The pathophysiology underlying VH in schizophrenia remains elusive. Several schizophrenia studies reported a significant effect of age on VH; therefore, we tested the hypothesis that the neurodevelopmental model of schizophrenia may explain VH occurrence. We analyzed cortex sulcation, a marker of brain development, in healthy controls (HCs) and two subgroups of carefully selected schizophrenia patients suffering from hallucinations: patients with only AH (that is, patients who never reported VH) and patients with audio-visual hallucinations (A+VH). Different cortical sulcation and left-right sulcal asymmetry were found between A+VH and AH patients, with decreased sulcation in both A+VH and AH patients in comparison with the HCs. Although a specific association between VH and neurodegenerative mechanisms, for example, in Body-Lewy Dementia or Parkinson's Disease, has previously been reported in the literature, the current study provides the first neuroimaging evidence of an association between VH and neurodevelopmental mechanisms.
INTRODUCTION
Hallucinations constitute the most typical and disabling symptoms of schizophrenia and may manifest in all sensory modalities. 1 In patients with schizophrenia, auditory hallucinations (AH) have been described as the most frequent experiences, with occurrence rates of 60-80%. 2 Although visual hallucinations (VH), defined as erroneous visual perceptions not elicited by an external stimulus, have been largely neglected in psychiatric disorders, a recent literature review evidenced a weighted mean VH of 27% in schizophrenia, 3 ranging from 24 to 72%. 4, 5 Several phenomenological properties of VH may differ according to the underlying diagnosis (that is, psychotic disorders vs neurological disorders), including frightening content, emotional reactions and appraisals of personal significance. In contrast to what can be observed in neurological disorders or eye diseases, 3 schizophrenia is characterized by VH typically co-occurring with hallucinations in other sensory modalities. [5] [6] [7] [8] It has been reported that VH and AH co-occur in up to 84% of individuals with schizophrenia, 7 whereas for other authors, VH were considered to never occur in isolation in schizophrenia patients. 8 The pathophysiology and pathogenesis of the underlying hallucinations in schizophrenia remains elusive and complex. Indeed, in comparison with neurological disorders, hallucinations observed in schizophrenia are not related to focal neurological dysfunctions, but rather involve impaired neural networks with distributed regional abnormalities and connectivity disruptions. 9 We recently reported distinct anatomical and functional connectivity in schizophrenia patients with pure AH compared with patients with audio-visual hallucinations (A+VH). 10 In addition, the pathogenesis of hallucinations may benefit from the neurodevelopmental hypothesis of schizophrenia, which posits that the disorder is the end state of abnormal neurodevelopmental processes that started years before the onset of the illness. 11 Indeed, analyses of the cortex morphology in schizophrenia patients reported sulcal differences, markers of early brain development deviations, 12 that have been shown to be associated with AH. [13] [14] [15] Surprisingly, no brain imaging studies have investigated the neurodevelopmental processes associated with VH in schizophrenia, even though several studies reported a significant effect of age on this symptom, based on the more common occurrence of VH in younger patients with schizophrenia. 16, 17 A recent study conducted on childhood-onset schizophrenia also suggested that VH could be considered a severity index of neurodevelopmental abnormalities. 18 In addition, several studies reported that the rate of VH in schizophrenia was age-dependent. 19 In this context, the present study was aimed at testing the hypothesis of neurodevelopmental deviations associated with VH in schizophrenia. We compared healthy controls with two subgroups of carefully selected schizophrenia patients with hallucinations: patients with only AH (that is, patients who never reported visual hallucinations) and patients suffering from A+VH. The matched subgroups of patients differed only in the presence or absence of VH. Such a distinction appeared crucial in testing for variable cortical sulcation in hallucinators according to the sensory modality involved.
MATERIALS AND METHODS Participants
Forty-nine participants were included in the study, including 33 outpatients suffering from schizophrenia 10 and 16 healthy controls (HC) with no personal history of psychiatric disorder or family history of psychosis. Of the 33 patients, there were 17 AH patients and 16 A+VH patients. All patients met the DSM-IV-TR criteria for schizophrenia based on interviews and review of their clinical history by an experienced psychiatrist. The Positive and Negative Syndrome Scale (PANSS) 20 and the Scale for the Assessment of Positive Symptoms 21 were used to evaluate general psychopathology and to quantify symptomatology. All the patients received these semi-structured interviews, which included a detailed assessment of their lifetime hallucinatory experiences. All the patients were noted to have marked-to-severe auditory hallucinations (Scale for the Assessment of Positive Symptoms-it. #1 ⩾ 4). Patients from the AH group had never experienced visual hallucinations (that is, Scale for the Assessment of Positive Symptoms-it. #6 = 0), whereas A+VH patients scored greater than 4 on the Scale for the Assessment of Positive Symptoms-it. #6. All the subjects were otherwise medically healthy and reported no history of head trauma, seizure, neurological disease or significant current major medical condition based on medical history and medical and neurological examination. None of the patients reported substance abuse, with the exception of four patients reporting the occasional consumption of cannabis (two in AH group and two in A+VH group). No patient with an intelligence quotient below 80 was included. Groups were matched for age, sex and handedness (all P 40.7); AH and A +VH patient groups were also matched for symptom severity, auditory hallucinations and antipsychotic dosage ( Table 1 ). Group-matching on age and gender notably allows controlling for potential confounding effects on sulcal anatomy as reported before. 13, 22 All the patients were being treated with antipsychotic medications at the time of the study (atypical antipsychotics n = 29, typical antipsychotics n = 4). Olanzapineequivalent daily doses were calculated in reference to recent international guidelines to assess the homogeneity of antipsychotic dosages across groups. 23 The study was approved by the local ethics committee (CPP Nord-Ouest IV, France). Written documentation of informed consent and capacity to provide consent was obtained from each participant prior to enrollment. Clinical data analyses are summarized in Table 1 .
MRI acquisition
All participants underwent a 10-min anatomical T1-weighted sequence (three-dimensional multi-shot turbo-field-echo scan; 150 transverse slices, field of view = 256 mm 2 and voxel size = 1 mm 3 ) on a 1.5 Tesla Intera Achieva scanner (Philips, Best, The Netherlands). All subjects wore headphones and earplugs to attenuate the noise of the scanner. These magnetic resonance imaging (MRIs) were adapted to the reconstruction of the fine individual cortical folds. 13 
Measure of cortex sulcation
To assess the cortex morphology at both global and regional levels, the raw MRI data were subjected to automatized estimation of three-dimensional surface-based sulcus areas by means of a three-step procedure. 13 This approach has been previously applied in the investigation of cortical folding abnormalities in patients with schizophrenia 13, 24, 25 and bipolar disorder. 26, 27 Image analysis was performed with the Morphologist toolbox using BrainVISA 4.2 software with standard parameters (http://brainvisa. info/).
First, an automated pre-processing step skull-stripped T1 MRI and segmented the brain tissues (cerebrospinal fluid (CSF), gray matter (GM), and white matter (WM)) and calculated, in each hemisphere, the total intracranial volume ( = GM + WM + CSF volumes) and the area of the outer cortex from non-normalized images. The hemispheric outer cortex area was defined as the area of a smooth envelope of the brain mask that wrapped around the hemisphere but did not encroach into sulci. The envelope was obtained with a morphological closing of the brain mask; an isotropic closing of 5 mm was used to ensure boundary smoothness. The cortical folds were then automatically segmented throughout the cortex from the skeleton of the GM/CSF mask (see Figure 1 ), with the cortical folds corresponding to the crevasse bottoms of the 'landscape', the altitude of which is defined by intensity on the MRI. This definition provides a stable and robust sulcal surface definition that is not affected by variations in the cortical thickness or span, as well as the GM/WM contrast. 28 The cortical folds were then converted to a graph-based representation of the cortex containing information related to shape (area, depth and length) and spatial organization (position and orientation). No spatial normalization was applied to the MRI data to overcome potential bias because of the sulcus shape deformations induced by the warping process.
Second, the area of each cortical fold was computed as the sum of all of the triangular areas defining the fold mesh. The global sulcal index (g-SI) for each hemisphere was measured as the ratio between the total sulcal area (that is, the sum of the areas of all segmented cortical folds) and the total outer cortex area (Figure 1a and c):
(with A sulcus , the sulcus surface area and A brain hull hemisphere , the brain hull area). A cortex with extensive folding has a large g-SI, whereas a cortex with low degree of folding has a small g-SI (Figure 1d ). At a constant outer cortex area, the g-SI increases with the number and/or area of sulcal folds, whereas the g-SI of a lissencephalic cortex is zero. G-SI describes the burying of the cortex and is therefore slightly different from the classical gyrification index, the ratio of the whole gyral contour length to the outer, Cortex sulcation and visual hallucinations A Cachia et al exposed surface, 29 which embodies additional information (included in the whole gyral contour length) related to the cortex thickness and the sulcal opening. In addition, the classical gyrification index captures the shape of the cortical folds, which are complex three-dimensional structures from measures on two-dimensional MRI slices, 29 whereas the g-SI is based on measures derived from a three-dimensional reconstruction of the sulcal surface. 13 In a third step, a new automatic recognition algorithm based on a Bayesian framework to jointly identify and register sulci 30 (validated from 62 MRI with sulci manually labeled; mean recognition rate: 86%) was used to label the sulci in each hemisphere. Regional cortex folding was assessed by computing a regional sulcal index (r-SI), which was defined for twelve predefined regions (lateral face: dorsolateral prefrontal cortex, precentral sulcus, central sulcus, sylvian fissure, superior parietal cortex, inferior parietal cortex, temporal cortex, occipital cortex; medial face: medial frontal cortex, medial parieto-occipital cortex, basal temporal cortex; ventricle) as the ratio between the area of pooled labeled sulci (estimated from the sum of area of the mesh defining each sulcus) and the total outer cortex area in the corresponding hemisphere. Hence, the r-SI increases with the depth and the length of a sulcus. These twelve regions were defined a priori using the standard regional grouping of Brainvisa software (that is, 'sulcal_root_color' sulcus nomenclature).
For each subject, images at each processing step were visually checked. No segmentation error was detected. Of note, g-SI and r-SI were computed automatically, without any manual intervention.
Statistical analyses
Between-group differences in the global sulcal indices (g-SI) and brain volumes (hemispheric GM, WM and CSF volumes normalized to intracranial volume) were analyzed using mixed-design repeated measures ANOVA, with hemisphere ('Left' vs 'Right') as a within-subject factor and group ('A +VH' vs 'AH' vs 'HC') as a between-subject factor. When a significant main or interactive effect was detected, ANOVA was continued by post hoc analyses in each hemisphere separately using univariate linear models with patient group as factor. Complementary analyses were performed for the contrast 'AH vs A+VH', adding PANSS_P (PANSS positive subscale) as cofounding covariate to investigate the effects related to the sensory modalities of hallucinations while controlling from the global severity of positive symptoms. In addition, explorative regional post hoc comparisons between AH and A+VH were performed on the twelve predefined hemispheric r-SI.
Shapiro tests were used to check that the linear model residuals were normally distributed. Statistical significance was probed with F-tests in the ANOVA. A two-tailed P value o0.05 was considered statistically significant. All the statistical analyses were carried out with R 2.12 software (Vienna, Austria; http://www.r-project.org/) with 'car' and 'effects' packages for the analysis of linear models.
RESULTS

Global analyses
The mixed-design repeated measures ANOVA revealed that the g-SI differed among the HC, patients with A+VH and patients with AH (that is, significant main effect of the group, F = 108; d.f. = 2; P o0.0005), and this effect varied with hemisphere, as observed by the significant main effect of the hemisphere (F = 15.8; d.f. = 1; P o0.0005). There was no interaction between the group and the hemisphere (F = 1.1; d.f. = 2; P = 0.35).
Post hoc analyses revealed significant bilateral differences between HC and schizophrenia subgroups with a greater g-SI in HC in the left and right hemispheres compared with patients with AH (T410.9, d.f. = 31, P o0.0005) or A+VH (T412.9, d.f. = 31, P o0.0005). Analyses of patients subgroups revealed a significant difference between AH and A+VH patients in the right hemisphere (T = 2.26, d.f. = 31; P = 0.03), with a g-SI decrease observed in patients with A+VH (1.55 ± 0.03) compared with patients with AH (1.64 ± 0.03) ( Figure 2 ). In the left hemisphere, the g-SI decrease in patients with A+VH (1.53 ± 0.03) compared with patients with AH (1.59 ± 0.03) was not significant (T = 1.55; d.f. = 31; P = 0.12). Of note, the addition of normalized hemispheric GM or WM volumes, outer cortex area or cumulative treatment dose as covariates in the g-SI analyses yielded similar results. The differences between AH and A+VH patients in hemispheric g-SI were not accounted for by differences in the outer cortex surface area. Indeed, in the left hemisphere, the outer cortical area was 431.52 ± 8.36 cm 2 in patients with AH and 430.09 ± 8.61 cm 2 in patients with A+VH (T = 0.10; d.f. = 31; P = 0.92). In the right hemisphere, the corresponding areas were 430.55 ± 8.53 and 431.72 ± 8.79 cm 2 (T = 0.12; d.f. = 31; P = 0.90), respectively.
Complementary analyses in patient subgroups (AH vs A+VH), adding PANSS_P as a cofounding covariate to investigate the effects related to the sensory modalities of hallucinations while controlling for the global severity of positive symptoms, yielded similar main effects of group and hemisphere (P o0.0005) but revealed a significant group-by-hemisphere interaction (F = 4.4; d.f. = 1; P = 0.04). Such a group-by-hemisphere interaction indicates a difference in the left-right asymmetry of g-SI (that is, the difference between the g-SI in the left and right hemispheres) between patients with A+VH (−0.016 ± 0.017) and patients with AH (−0.045 ± 0.013). The main effect of PANSS_P was not significant (F = 1.1; d.f. = 1; P = 0.31). Of note, the group-byhemisphere interaction was no more significant (F = 1.8; d.f. = 1; P = 0.19) if PANSS_P was removed, in line with the analysis reported above involving AH, A+VH and HC.
These findings were specific for the cortex sulcation as mixeddesign repeated measures ANOVA revealed no main or interactive effects of group or hemisphere on hemispheric GM, WM and CSF volumes normalized to intracranial volume (all P4 0.05).
Details of g-SI and brain volume data are reported in Table 2 .
Explorative regional analyses in AH and A+VH Regional post hoc analyses conducted on the patients subgroups revealed that the sulcation decrease in the A+VH group was not uniform: there was a decreased r-SI in the right parietal cortex (T = 2.27; d.f. = 31; P = 0.03) in A+VH patients (0.192 ± 0.006) compared with AH patients (0.213 ± 0.006) and in the left sylvian fissure (T = 2.33; d.f. = 31; P = 0.03) in A+VH patients (0.040 ± 0.004) compared with AH patients (0.054 ± 0.004). Similar results were obtained when PANSS-P was added as a covariate in the analyses. These regional findings should be considered as exploratory because none held following Bonferroni correction for multiple testing (α-corrected = 0.002, that is, 0.05/26).
DISCUSSION
Despite their frequent occurrence in schizophrenia, the neural bases of VH have rarely been explored. 10 The current study provides the first structural evidence for neurodevelopmental deviations associated with VH in schizophrenia. Different cortical sulcation and left-right sulcal asymmetry were found between A +VH and AH patients, with a sulcation decrease in both A+VH and AH patients compared with HC. Such a comparison of subgroups of patients with or without VH allowed for the assessment of the specific effects of the hallucinatory modality and complement the more conventional comparison between schizophrenia patients and HC (the specific effects of VH must be distinguished from disease-or medication-related effects).
In this study, the early brain development was investigated from the analysis of the cortical morphology. 12 Indeed, the mature sulco-gyral pattern is considered to result from early processes that shape the cortex anatomy from a smooth lissencephalic structure to a highly convoluted surface. This complex folded surface has been shown to be an early marker of later functional development. 31 Several factors contribute to the neurodevelopmental processes that influence the shape of the folded cerebral cortex, 12 including the structural connectivity through axonal tension forces. 32, 33 These mechanical constraints lead to a compact layout that optimizes the transmission of neuronal signals between brain regions 34 and thus brain network functioning. Furthermore, experimental lesion studies in monkeys have indicated that the disruption of afferent pathways, when it occurs early in pregnancy, that is, before the formation of cortical pathways linking the visual areas, can lead to the emergence of abnormal sulcation in the occipital lobe. 35, 36 A similar early difference in WM connectivity might explain the difference in sulcation detected between AH and A+VH patients. This interpretation is supported by recent brain imaging studies reporting abnormal anatomo-functional connectivity in schizophrenia patients with VH. 10, 37, 38 In addition, the difference in sulcation asymmetry detected between A+VH and AH patients may reflect difference of functional specialization. The association between hemispheric functional specialization and the asymmetry of the cortex sulcation is supported by studies of the corpus callosum, a large bundle of inter-hemispheric fibers, showing that asymmetrical brains have fewer and/or thinner fibers connecting the two hemispheres relative to more symmetrical brain, as evidenced by a reduced midsagittal area 39 and microstructural integrity measured using diffusion MRI. 40 Furthermore, it is more efficient to transfer information between close areas within the same hemisphere rather than between distant areas distributed in the two hemispheres. 41, 42 Such an interpretation is in line with Crow's previous work proposing that decreased brain asymmetry, associated with abnormal hemispheric functional specialization, is a core pathophysiological mechanism of schizophrenia. 43, 44 Because structural brain asymmetries are determined during fetal life, 42, 45, 46 in the same developmental window as sulcation processes, our findings provide converging evidence of a neurodevelopmental origin for VH in schizophrenia, in line with clinical studies showing that VH are associated with early disturbances in the brain development. [16] [17] [18] We speculate that reduced right but not left hemispheric sulcation might result in VH because of the functional organization of the visual system and, more specifically, its right hemisphere dominance for high-level processing. 47 A recent study of intracerebral electrical stimulation in epileptic patients 48 supports this hypothesis. Indeed, complex VH (that is, meaningful visual hallucinations including face, landscape, animal and body parts) that are typically reported in schizophrenia 3 were shown to be exclusively evoked by stimulating the right hemisphere, whereas elementary VH, that is, a spot or a blob, were similarly evoked by stimulating either the right or left hemisphere.
Considering VH as a marker of deviations during the early neurodevelopmental processes allows reinterpretation of clinical aspects of hallucinations. Hence, the greater clinical impairment and greater compromise of overall functioning reported by patients experiencing VH 18 may relate to the greater neurodevelopmental weight in this subgroup of patients. 18 Similar associations between specific clinical features and early brain development have been reported in recent schizophrenia studies. Different sulcation was notably found between patients with different phenomenological properties, such as inner space AH or outer space AH. 15 Outside the hallucinatory dimension, the presence of neurological soft signs-that is, observable defects in motor coordination, motor integration and sensory integration 49 related to pre-and perinatal impairments 50-52have also been found associated with decreased sulcation. 25 Explorative regional analyses revealed difference in the right superior parietal cortex and in the left Sylvian Fissure in A+VH patients. Sulcal differences in the right superior parietal cortex may be associated with functional impairments in the dorsal attentional network and the default-mode network (DMN) that overlap this cortical area. The study of spontaneous fluctuations at rest previously revealed a disrupted intrinsic connectivity during the occurrence of auditory hallucinations [53] [54] [55] [56] and more recently during audio-visual hallucinations. 57 This last study, conducted in first-episode psychosis, reported a dynamic interaction between association sensory cortices and the DMN during A+VH. Sensory and DMN networks were found to be anticorrelated during the experience of hallucinations. Furthermore the DMN spatial and temporal instability persisted during non-hallucinatory periods. 57 Interestingly, impaired interactions with the DMN have also been suggested in the pathophysiology of VH in Parkinson Disease (PD), 58 but in contrast to first-episode psychosis in which the DMN seems primarily and intrinsically affected, an external interference with DMN through aberrant interactions with attentional networks have been proposed in PD. 58 The precise role of the Sylvian fissure in VH is not straightforward and will require further investigation. It is however interesting to note that our recent multimodal brain imaging study in patients with VH detected an increase in the fractional anisotropy, a diffusion MRI marker of local WM microstructure, within the left superior longitudinal fasciculus that runs above the Sylvian fissure in A+VH patients when compared with AH patients. 10 The results of this study are best understood in the context of a number of methodological issues. Cortical folds are complex and variable three-dimensional structures, 59 and their shape is difficult to reliably describe based on two-dimensional MRI slices. 28 The use of three-dimensional mesh-based sulcal indexes 13 has provided an accurate assessment of the cortex morphology as in our previous studies in schizophrenia. 13, 15, 24, 25 This study focused on sulcation because cortical sulci can be reliably defined using simple geometric properties, 28 whereas the gyri are relatively difficult to reliably define from a purely geometrical point of view, especially for the borders not limited by sulci. 60 The moderate sample size used in this experiment should be acknowledged. However, the high group homogeneity allowed us to address strong a priori hypotheses and draw significant conclusions.
In conclusion, although the literature already has provided evidence for specific association between VH and neurodegenerative mechanisms (for example, with Body-Lewy Dementia or Parkinson Disease), 3 this study provides the first evidence of an association between VH and neurodevelopmental mechanisms in schizophrenia. Future studies are needed to further test this theory, for instance from the longitudinal analysis of brain trajectory 61 in VH patients, coupled with pathway analyses 62 of genes involved in neurodevelopment and neuroplasticity. 
